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Qf Chicago Pre**, Chicago, 1971), 
5. Borrowing Ideas from information theory [C L sharv 
non and w. Weaver, The M*f/»mit/cd Theory Q f 
CammuntotJon (Univ. of Illinois Press, UnW IL 
1949); W. ft. Gamer. Uncertainly end Structure as 
Ky*holQgIt*i Concepts (Wiley. New York. 1962)1 we 
can characterize a series of signals over tin* rs an 
cnmmWe of n distinct messages [m. . m r ,., H m B > 
mj whose individual probabilities [o, , , . p' . ! ^ 
o ? J sum to unity. Then the information ^pressed in 
bfrary units; bits) conveyed by each message Is given 

«/ — tofc(p,) 
and tha average Information associated with trie 
entire ensemble of mettigo; |; given by 

^--^^♦lofcto) 
Although not widely used In work In vttual percep- 
tion, the concept of entropy has been successfully 
applied in the study of human stereop& (B, Julesi 
and C W. Tyler, BioL Cyfcem. 33, 25 (1976)] and 
niotion perception [p. Gflden, E. Hlrls. R. Blal<c, 
cfcoi. 5c/. 6, 235(1995)]. 

6. D. R. BrlUlnger, Ouu / tot. 22, 177 (1994); (L-D. 
Reiss, A Course on Point Process (Springei*Verlfl£ 
New York, 1993), ^ * * 

7. Gray-scale animations were created on a NEC 2V 
Inch monitor {frame rate 100 H5 pixel resolution 
1024 vertical by 768 horizontal; P104 phosphor) us- 

toolbox [D. Bratnar* Sp*t. Vfetan 10, 443 [1997)1 all 
display and trial-related events were pmgmmmedon 
* Macintosh Power PC computer. Luminance nonlin- 
ear ties were corrected using a calibrated lookup 
table. The display consisted of 67$ Cabor elements 
regularly arrayed within a 6.7° by 6J* square (aver- 
age luminance 243 cd/nV), Individual Cabor ele» 
men* did not overlap visually within the array. Each 
cabor patch was the product of a sinusoidal grating 
ond a circular Gaussian envelope with * standard 
deviation of ±4S arc min. The peak spatial frequency 
of every grating was 5,8 cycles per degree (bandwidth 
1.2 octaves), the contrast of every grating was OSO. 
and the orientation of each grating was randomly set 
Each grating moved at 3,45° per second En one of two 
directions orthogonal to its orientation, with smooth 
apparent motion being produced by phase^shffttng 
the gratfrtg from frame to tame of the animation by 
one-fifth of the grating cyde synchmnlied to the 
monitor frame rote. The direction of motion of each 
grating within the stationary window reversed over 
time unpredictably according to the Polsson distribu- 
tion. New animations were created and stored on 
hard disk before each test s*«loa Demonstrations 
of these displays can be s«tn at http^/wwwjity, 
vanoVbfLtedu/faml^ 7 

8. One of the principles of perceptual organization Iden- 
tified by Gestalt psychologists was common fate, a 
form of temporal structure In which Visual elements 
moving in the «nw direction appear to group Into a 
single object Birds flying In the same direction, for 
example, perceptually form a global unit called a 
flock. 

9. D. Regan and S. Hamstra, flerteptfor 20> 315 (1991), 
10. Each stimulus element In this display consisted of a 

radial grating 19 arc min in diameter. Each grating 
resembled a circular "windmill" divided into tourequal- 
sfced weoges, two black and two white. The starting 
phtee of each w^dmHl was random. When animated 
c^ndmiUroMftsd «• (1/2 wedge size) from feme 
to frame, producing smooth Apparent rotation whose 
Areata! was urwimbiguous. Average luminance of the 
display was 24.5 cd/m* For the stereoscopic experi- 
ment involving presentation of two windmill arrays 
each array consisted of 324 windmills within a W by* 
SE * Each array contained two virtual "figure* 

retfons. each 1jr (horizontal) by 1JJ° (vertical) m a 
side, located Imrnediatery above and below a smalt 
eentrjl fixation mark. Crossed disparity was Introduced 
£ te i^^P^ rff ^«mebwerpalr of figure 
^ srtfftlng the corresponding -figure- regions 1 wind- 

the right In the other eye: this produced an effective 
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disparity of 3E6 arc min. For this experiment, rotational 
reversals of windmills defining the background region of 
the two half-Images fottowBd one point process, rever- 
sal! of windmills defining the upper pair of -figures" In 
the two half-Images followed another point process, 
and the reversals far the lower pair of "figures" followed 
a third point process. 

11. In preliminary work we also found that synchronized, 
irregular changes In luminance can promote spatial 
grouping [5,-H, Lee and R. Blab, Arrest Ophths W 
VTwef id. 4a Sds (1999)). $. L palm*, ^ 
sented at the 39th aromial meeting of the Psy- 
chonomic Society, Dallas, TX 21 November 1998) 
found that periodic synchronlied changes in size, 
shape* or color can bias perceptual organization. 

12. 0. Regan, vfc/an ftes, 29, 1389 (19fi9); S. Anstls and 
V. S, Ramachandran, In The Artful Eye, ft, GragDry, J. 
Harris, P. Heard, 0. Rose, Eds, (Oxford Unfv. Press. 
New York. 1995), p. 232; M. Bravo and R. Blake. Wife* 
Res. 32. 1 793 (1 W2); D. j. Relo\ A. Hayes, R. F. Hess, 
fo/o\33, 173 (1993). 

13. I. BJederman, PnyCrW. *ev. 94, 115 (1987); K C 
Hozer. Tho PvKvption o/Ma/fijpIe Objects: A Qywec- 
tWlxAppnj§eh {MIT press, Cambridge, MA, 1991); s. 
Crossbarg, A/euraf Nctwvrts e, 463 (1993); S. p. 



V^cera and ft c O'Reniy, / Exp. Psychol. Hum. 
Pernpt. Perform. 24, 441 (1998). 
14. Models of structure from motion extract dlscontlnul- 
tles^boundarles-^rithin a field of local motion vec- 
tors, with grouping based on common directions or 
speeds of motion [N. H. Cr^rwacz, S. N. J. Watama- 
nluk, S. McKee, Wsfen fto t 35, 3183 (1995); W, 6, 

a Ker * tcn ' w ' * Kntcht Bht > ^ 

327 (1992): J, Choy, S. Crossbvrg. £. Mlngolla. / Opt, 
A h 2570 (1997)], | n our disptys, motion 
direction is completely random throughout the array 
of elements. Speed too constant except at the 
moment of reversal. It is conceivable that reversals in 
motion direction create brief transients In speed- 
selective neurons, which could constitute the neural 
embodiment of the point processes defining tempo- 
ral structure (Fig, 1C). -or 

1S * * ftd a S P» rt,n &/ PP f - Am. A 5. 1986 

(1988); H, R. Wilson and j, Kim, Ws. Ateu/W 11, 
1205 (1994); P. Cavansgh. Science 257. 1563 (1992); 
2--U U and G. Sperling, Nature 377. 237 (1995). 
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Bone Marrow as a Potential 
Source of Hepatic Oval Cells 

1' I ^"•"•J* W - C> Bowen ' 1 D - P«tren«.« W. M. Mar,/ 
**lwa*t N. M«r««e,» S. S. Boggs.* j. S. Oreenb.rger. 2 
J. P. CofF 

^LZ^ ^J'^'^^on. Cros^ex or cr OSS -rtrain bone 
marrow and whole liver transplantation were used to trace the origin of the 
repopu atlng |,ver cells. Transplanted rats were traated with 2-acetylaminoftu- 

n* 16 '^^ hepat °^P reWwat,0ft . a "d*enliep a tfclniury.talnduceov a | 
ceU proliferation Markers for Y chromosome, dipeptldyl peptidase IV enzyme 

dZlZ^'T*™ ° f *? "t"^ cells were shown to be 

tSSiSiSStS tt «" dateiJwlth ^ b ^marrowhas epithelial 



Hepatic oval cells proliferate under certain 
conditions, mainly when hepatocytes are pre- 
vented from proliferating in response to liver 
damage, and rrmy be stem cells for hepato- 
cytes and bilo duct cells or the intermediate 
progeny of a hepatic stem cell. Oval cells 
may originate either from cells present in the 
canals of Herring (/) or from blastliJcc cells 
located next to bile ducts (2), Oval cells have 
been shown to proliferate in certain patholog- 
ical conditions, in which hepatocytc prolifer- 
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ation is inhibited before severe hepatic injury. 
In experimental models, hepatocyte prolifera- 
tion is suppressed by exposure of the animal to 
2-acetyIatninofluorene (2-AAF), and hepatic 
injury can be induced by partial hepatectomy or 
by administration of carbon tetrachloride 
(CC1J (3, 4). Oval cells express CD34 f Thy-1 , 
and okit mRNAs and proteins (5-7) and fIt-3 
receptor mRNA (8), all of which are also found 
in hematopoietic stem cells (HSQ. 

We tested the hypothesis that oval cells 
and other liver cells may arise from a cell 
population originating tn, or associated with, 
the bone marrow (BM). This hypothesis was 
tested by three approaches; (i) bone marrow 
transplantation (BMTx) from male raw into 
Icthally irradiated syngeneic females and de- 
tection of donor cells in the recipients by 
means of DNA probes to the Y chromosome 
sty region; (ii) BMTx from dipepn'dyl pepti- 
dase iV-iwsitivc (DP?rV + ) male rats into 
DPPIV syngeneic females and detection of 
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DPPrV-cxpressing cells in the recipient ani- 

™L? d J 1 ? who * e ,iver ^splantation 
(vvltx) with Lewis rats that express the 
L2N6 antigen as recipients and Brown-Nor- 
way rats that do not express (his antigen as 
allogenic donors (9) to confirm mat an ex- 
trahepatic source (L2 1-6" cells) could rcpop- 
ulate the transplanted (L2I-6" cells) liver In 
conjunction with these approaches, the 
2-AAfMXI 4 protocol (<f, S) was used to 
induce oval cell activation and proliferation 
In situ hybridization, polymerase chain reac- 
tion (PCR), and iminuiiocytochemisrjy were 
used t Q distinguish donor cells from recipient 

Female rats were Iethnlly irradiated and 
rescued with a BM transplant from a male 
animal. Nucleated blood cells of the trans, 
planted animals were tested by PCR to estab- 
lish that the BMTx was successful {10). En- 
grafted females were then placed on the oval 
cell protocol J). Both Thy-1 + and Thy-1 ~ 
cell populations of nonparenchymal cells 
(NPC) from days 9 and 13 after hepatic injury 
were positive for the Y chromosome PCR 
product (Fig. 1). The strong signal from the 
W-1 fraction was probably due to donor 
hematopoietic cells that are in the NPC pop- 
ulation and Thy-I - but are positive for the Y 
chromosome. The day 9 hepatocyte fraction 
had no Y chromosome signal, but by day U a 
signal from the hepatocyte fraction was de- 
tected. At this time, the oval cells are begin* 
mng to differentiate into hepatocytes (7) If 
all oval cel) g that differentiate into hepato. 
cytes were derived from the liver, then one 
would expect that none of the hepatocytes 
tested would be positive for the Y chromo- 
some. The finding that some hepatocytes 
were Y chromosome-positive suggests that 
they were derived from the BM donor cells 
The combined data suggest that at day 9 the 



REPORTS 

oval cells (Thy-1-) (j>) in the recipient fe- 
male are derived from the donor male and 
that they continue to differentiate into mature 
hepatocytes by day 13. 

To confirm the PCR results, we per- 
formed m situ hybridization for the Y chro- 



mosome sry gene on frozen sections (J I) 
H ^ fltDC £? a positive reaction 

product (blue staining) in the nuclei were 
seen in untreated control male rats (Fig. 2A) 
In agreement with the results obtained by 
PCR analyses of the isolated hepatocyte frac- 





Fig- Z In situ hybridiza- 
tions of the Y chromo- 
some sty gene on fro- 
zen liver sections. Ar- 
rows indicate positive 
signals in the nudei of 
cells. (A) Untreated 
normal male rat con- 
trol (B and C) female 
rats treated with BMTx 
and the 2-AFF-CCl 4 
protocol and killed at 
day 9 (B) and day 13 

C) after hepatic injury. 

D) Untreated female 
[negative central). Scale 
ban 15 




0-actin 



tlth * ONA from female rats 

&«T d .r th BM fnm ™ le Kt*. 

Primers for the sty gene were used (70) s/v 

rfced I cells. No expression is seen in females. 
The data presented are representative of four 
Independent experiments. MW STD. molecular 
w«ght standard; D-9. day « rj.^^ 
p-actm was used as controL 



fte^DPPIVaetivftyfn 
frozen Over sections. 
(A) Untreated DPPIV+ 
rat (positive control), 
PPPIV staining is evi- 
dent (red-orange col- 
or), (B) Untreated 
DPPIV- rat showing 
absence of OPPV(neg- 
ative control), (C to F) 
Four Afferent BMTx. 
Male DPP.V* (donor) 
or female DPPJV" (re- 
cipient) rats were ex- 
posed to tne 2-AAF- 
CCL protocol for oval 
cell Induction and Wiled 
at day n or 13 after 
hepatic injury. A posi- 
tive reaction is evident 
between hepatocytes 
from all four animals 
and on a few oval or 
transitional cells (E). 
DPPTV staining appears 
as a Una (open arrow- 
heads) or dot (dosed 
arrowheads) depend- 
ing on the plane of the 
section through the 
Wle canalicular region. 
In all cases, there are 
clusters of cells ex- 
pressing DPPIV. The as- 
terisks indicate donor 
origin hepatocytes. (c) 
Control DPPIV" female 
after BMTx but before 



^V^SS^^ hernatopole.icce.1 

of mature hepatocytes), and C-CAM-FITt lah^Z^ZL fSf H4 " AMCA the cytoplasm 
canalicular region, me AkhmOs^kS $?X^1 ptXiflc ^ ****** ^lecule). inthebRe 
appear yellow. Scale ^ CKK" Dw,v «* " 
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tion, cells with positive signal (Y chromosome) 
were detected in oval cells of females subjected 
to BMTx and 2-AAF L -CCl 4 at both days 9 (Fig, 
2B) and 1 3 and hepatocytes at day 13 (Fig, 2C). 
No signal was detected in the liver of an un- 
treated control female (Fig. 2D). In 1 00 random 
fields, about 0.14% of the total hepatocytes 
were positive for the Y chromosome. There- 
fore, about 9,9 X 10 5 hepatocytes originated 
from transplanted BM cells on day 13 after 
hepatic injury, in addition, the proportion of 
Thy-1 + oval cells expressing the Y marker was 
about 0.1% (J 2). 

In an independent approach, BM cells 
from DP*v- F-344 male rats were injected 
into lethally irradiated DPPIV" F-344 fe- 
males, and the recipients were treated with 
the 2-AAF-CCl 4 protocol. This constituted a 
system in which the presence of cells origi- 
nating from donor cells in the recipient liver 
could be easily detected, by revealing cyto- 
chemically the activity of the en2ymc DPPIV 
(Fig. 3). A diffuse red to red-orange staining 
of the bile canalicular site between hepato- 
cytes (IS) was c-bscrvod in the DPPIV 4 * 
F-344 male rats (Fig. 3A). The control un- 
treated DPPIV- females showed no staining 
(Fig. 3B). DPPIV expression was observed in 
a number of bile canalicular sites between 
hepatocytes from several different transplant- 
ed animals (Fig. 3, C to F). DPPIV expres- 
sion was also observed on oval cells and 
traditional (small hepatocyte) cells in the 
liver from these rats (Fig. 3, D and £). Out of 
250 random fields, about 0.16% of the hepa- 
tocytes were positive for DPPIV. Therefore 
about 1.0 X \0 6 hepatocytes originated from 
transplanted BM cells by day 13 after hepatic 

H 1 *' In contrcl DDPIV " fcmales » n ° 

oppiv hepatocytes were observed after 
fiMTx but before 2-AAF-CCl 4 (Fig, 3G). To 
demonstrate that the donor-derived hepato- 
cytes were mature, we performed three-color 
immunofluorescence. DPPrV + hepatocytes 
also stained positive for the mature hepau> 
cytc-specific markers, M4 and C-CAM (Fig. 
3H) (14). This result shows definitively that 
die cells are mature hepatocytes (H4- and 
C-CAM-posm've) that have been integrated 
into the parenchyma and are carrying the 
transplant marker (DPPIV*). 

Our final approach to examine extrahepatic 
cells ^-populating the liver was WLTx. Lewis 
mts that express the major histocompatibility 
complex class IF 121*6 isozyme were recipients 
of liver from Brown-Norway rats that do not 
express UI-6 (15). A monoclonal antibody to 
L21-6 differentiated donor from recipient cells. 
Oval cells that originated from an extrahepatic 
source Would be L21 ^-positive, whereas those 
ongmating in situ would be negative. Brown- 
Norway rat livers transplanted into Lewi*! rats 
after the 2^AAF-<XH 4 protocol show a wide- 
spread staining of L2J-6 in the transplanted 
Brown-Norway livers, a result of the influx of 
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**wis immune cells reacting to the allogeneic 
Brown-Norway liver, Ductal structures also 
contained Ul^-positive cdls in a pattern of- 
ten seen in the organization and differentiation 
of aenvely protifcratrng 0 va! cells (16 771 
indicating that some oval cells were derived 
from an extrahepatic source and others, L21-6- 
negative, were derived in situ from the donor 
liver (18). 

Under specific physio-pathological condi- 
tions, oval cells can differentiate into the two 
types of epithelial cells present in the liven 
ductular cells and hepatocytes (1, 16. 17) 
Oval cells may have a role m the genesis of 
chemically induced hepatocellular carcino- 
mas, but they also have a potential use in the 
therapy of acute liver failure syndromes. 
Oval cell precursors are thought to be located 
either in the canals of Herring or next to the 
bile ducts (/, 2). Ductal epithelium is re- 
quired for oval cell proliferation (19), indi- 
cating that either it is the source of the pre- 
cursors or it acts in a supportive or inductive 
role. Oval cells have some phenotypic traits 
that arc typical of BM stem cells (5-8). The 
liver harbors many hematopoietic cell types 
including HSC (20), and if oval cells could 
originate from either BM-derivcd cells or 
^replication, one would expect to sec a 
subpopulation of negative oval cells from 
resident cells in the liver of Brown-Norway 
rats, as well as a population of positive cells 
originating from cells that migrated into the 
Irver from the L2 1-6 -positive host Our 
Brown-Norway into Lewis liver transplant 
data support this hypothesis (18). 

Our data lend credence to the possibility 
that a cell associated with the BM may act, 
under certain physio-pathological conditions! 
as the progenitor of several types of liver 
cells. The limits and biological importance of 
these BM-dcrived cells need to be assessed* 
the BM-derived cells add to the growing 
body of evidence suggesting that cells in the 
adult organism have a remarkable degree of 
plasticity (21-23), 
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et a/.. Tfswphntithn 60. 158 (19M)J 

14 f^V^l^*^ Y *^on,a w« done on 
DNA c^BCted from transplanted and rwntrans- 
f^ [t with primer, F W the j/y gene 

of ttie V diromosome |j, An, V. N. BeauAemin. J, 
Albanas*. a, K Sullrvan,/ Andrei ia 289 (1997)1 

1 1. In situ hybndiwtlon of tha *y „gion of tha Y chro- 

? P"*" ( a ^Hringar Mannhoim) hybridized to 
frgien liver seaJonj, 

12. An estimate of the humbtr of hepatocytca oriitlnat- 
irtg from the donor BM (Y chrom^om»-Msitlve 
hepatocytes In BMTx females and DPPIV-posirJv* 
hapatocytes in BMTx DPPlv-d«ndant females) wa$ 
determined from animals showing the strongest ev- 
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